Delivering water in sufficient quantity and acceptable quality is the main objective of water distribution networks (WDN) and at the same time is the main challenge. Many factors affect the delivery of water through distribution networks. Some of these factors are relevant to water quality, quantity and the condition of the infrastructure itself. The deterioration of water quality in the WDN leads to failure at the water quality level, which can be critical because it is closest to the point of delivery and there are virtually no safety barriers before consumption. Accordingly, developing a powerful monitoring system that takes into consideration water demand distribution, the vulnerability of the distribution system and the sensitivity of the population to the deterioration of water quality can be very beneficial and, more importantly, could save lives if there was any deterioration of water quality due to operational failure or cross-contamination events. In this paper, a framework for a water quality monitoring system that considers water demand distribution, the vulnerability of the system and the sensitivity of the population using fuzzy synthetic evaluation and optimization algorithms is developed. The proposed approach has been applied to develop a monitoring system for a real WDN in Saudi Arabia.
INTRODUCTION
Water transported by a distribution network usually passes through a complex treatment process before its distribution. Once the treated water is pumped into the network, there are usually no defensive lines that could protect consumers from any deterioration of water quality due to any unexpected consequence that happened during the transportation. These consequences might be gradual, such as a variation in chlorine levels, or rapid, such as contamination caused by intentional criminal or terrorist attacks. Many factors could affect water quality within water distribution networks (WDN) directly or indirectly. Some of these factors are relevant to the infrastructure of the system, such as pipe materials, age and breaks. Some are related to the operational practices of the network, such as the water age in the network.
To prevent, control and/or reduce any potential deterioration of water quality and to ensure that the WDN is functioning the way it should, constant and comprehensive assessment and monitoring of the WDN should be established.
In 1990 and 1992, Lee and Deininger were the first to develop a scientific criterion to determine representative water quality monitoring locations by developing a coverage method concept. Since then, several improvements have been made to the original approach developed by Lee & Deininger () to reduce the complexity by considering steady and extended period simulations for water demand, adding key parameters, including water age and pipe diameters, and considering rapid water quality deterioration rather than considering only gradual changes in water quality. In most of the studies that dealt with identifying the optimal locations of MSs in WDN, water demand was the only or the key parameter. Moreover, factors such as the vulnerability of the system were not considered, despite its importance and relation to the contamination events. Furthermore, it was assumed that the population would be exposed equally to any deterioration consequences in the WDN. However, the sensitivity of the population to contamination events varies based on several factors such as age, standard of living and population density. In this study, an approach for determining the optimal locations of a monitoring system was developed considering water demand, the vulnerability of the system, and population sensitivity to water quality deterioration.
METHODOLOGY
Developing a comprehensive and representative water monitoring system consists of two main steps. The first step is prioritizing the risk for the different regions in the city based on the system vulnerability and population sensitivity to any deterioration of water quality. The second step is determining the optimal locations of MSs to maximize the covered demand (monitored demand), and takes into consideration the regional vulnerability and sensitivity risks.
Detailed descriptions of the two phases are explained in the following paragraphs.
Step I: Risk prioritization Risk prioritization requires an aggregation of measurable and non-measurable factors to estimate vulnerability, sensitivity and overall risk at specific points in the WDN using routinely collected data. Due to the complexity of the system, variation of the collected data (measurable and non-measurable) and difficulty in obtaining precise data for some of the factors, an indexbased approach using fuzzy synthetic evaluation (FSE) was used to describe vulnerability, sensitivity and overall risk.
An estimate of risk at a given location in the WDN will provide a representative value for a predefined geographical region. A region represents an influence zone in which the values of all contributing factors are assumed to be fixed.
Once the risk values are determined in various sectors of the WDN, they can be ordered, ranked or prioritized based on the overall risk index.
Fuzzy rule-based modelling
The fuzzy set theory was first developed by Zadeh () to methodically incorporate human reasoning in decision making. In FSE, variables are used as inputs for decision making, in which numeric or non-numeric data can be evaluated using natural linguistics such as 'low', 'med' and 'high' (Ross ) . In this study, FSE is used to quantify and estimate indices for the hydraulics of the system, structural integrity, water quality, vulnerability, sensitivity and, consequently, risk index. The FSE follows the following steps ). According to the weighted average method, to convert the fuzzy sets into a crisp value, each fuzzy set will be multiplied by a constant weight (a, b and c) and the product summation is the crisp value as follows:
Step II: Locating MSs
In this phase, the water demand as well as the risk indices produced in step I were used to determine the optimal locations of MSs using the demand coverage method (DCM). Basically, DCM assumes that if a certain percentage of water at node X is originally coming from node Y, then setting an MS at X will cover demand at Y if this portion of the water is equal to or greater than the coverage threshold (CT). In this study, CT was defined as 60%. In other words, if 60% or more of the water in node X is originating from node Y, then placing an MS at X will cover nodes X and Y. Defining these water pathways is a complex oper- The main objective of identifying the optimal locations of MSs in WDN is to increase the representativeness of the monitoring system and, consequently, maximize the monitored (covered) demand, taking into consideration the existing risks associated with delivering water to each region. Mathematically, the objective function for maximizing the coverage can be expressed as follows:
subject to:
where m is the number of total nodes covered by node i, d i,j is the demand at node j covered by node i, I j is the risk index for node j, x i is an integer value that determines if there is or is not an MS at node i, n is the number of total nodes in the network, MS is the maximum allowable number of MSs to be used for the network, and w is the number of potential monitoring stations (PMS) covered by node i.
Furthermore, a regional constraint was added to ensure that every region in the network will have at least one MS as shown in Equation (6).
where z is the total number of MSs in region A and x A,i is an integer variable x i for the nodes in region A. Figure 5 shows the flowchart summarizing the process of locating MSs. 
APPLICATION
The presented approach was applied to a real WDN to enhance the existing monitoring system and to illustrate the execution of the proposed approach.
Study area
The developed approach was applied to Al-Khobar WDN, 
RESULTS AND DISCUSSION

Risk prioritization
First, the Al-Khobar network was divided into several regions based on the locations of the existing water quality MSs. The Thiessen method was used to divide the WDN into different regions, as shown in Figure 7 (a). Next, based on the collected data, the fuzzy set thresholds and types summarized in Table 1 are used to develop the risk indices.
For the hydraulic index, which includes pressure, velocity and water age, the analysis of these components showed that the hydraulic properties in general are within the acceptable limits. The average pressure for all demand scenarios for all the regions varies between 7
and 41 m. The highest pressure in the city usually occurred in the city center, especially at region 94 and its surroundings, since the main pumping station is located in this region. The average velocity for all demand scenarios ranges between 0 and 4.58 m/s. Although very few pipes have a velocity of 2 m/s or higher, the most frequent violations were velocities lower than 0.4 m/s. Unlike pressure and velocity, the water age is within the recommended range in all regions for all demand scenarios, which implies that water age will have no effect in the prioritization of risk and developing the hydraulic index. A summary of the highest and lowest risk indices for all regions is shown in Table 2 .
Infrastructure and the structural integrity of the WDN were judged based on pipe breaks, age and material, in addition to potential intrusions of wastewater or industrial waste should pipe breaks occur. The historical records of Al-Khobar municipality indicate that most pipe breaks Table 2 . It is obvious that the water quality risk is low in the WDN, since the water quality parameters are generally within the recommended standards. Water quality indices range between 0.14 and 0.43, which is a relatively low risk ( Table 2 ).
The vulnerability index of the WDN is developed by aggregating the hydraulic properties, water quality and structural integrity. The major factors affecting vulnerability are hydraulic properties and structural integrity, since the water quality risk index is low all over the city. Regions which have a high risk due to hydraulic properties and struc- Table 2 shows the detailed risk indices for all the regions. Water quality Risk prioritization using FSE showed that each region has different characteristics to the other regions, which makes the expected consequences in case of water quality deterioration vary for the different regions. Severe consequences are expected in some regions more than others, since these regions have higher risk (vulnerability and sensitivity). Therefore, demand and regional risk were used to optimally locate the MSs.
It was noticed that the demand coverage of the monitoring system increases as the number of proposed MSs increases, as shown in Table 3 . Based on the current practices with 15 MSs, only 19.56% of the demand can be monitored; however, the coverage increased to 59.18% when 50 MSs were used. Figure 9 shows the optimal distribution of MSs when 15, 20, 30 and 50 MSs were proposed.
Each region is monitored by at least one MS, as shown in Figure 9 , with the exception of region 81, which is not ensures that every region in the city will be monitored by at least one MS regardless of the demand.
